We demonstrate proximity-based all-metallic mesoscopic superconductor-normal metalsuperconductor (SNS) field-effect controlled Josephson transistors (SNS-FETs) and show their full characterization from the critical temperature T c down to 50 mK in the presence of both electric and magnetic field. The ability of a static electric field -applied by mean of a lateral gate electrode-to suppress the critical current I s in a proximity-induced superconductor is proven for both positive and negative gate voltage values. I s reached typically about one third of its initial value, saturating at high gate voltages. The transconductance of our SNS-FETs obtains values as high as 100 nA/V at 100 mK. On the fundamental physics side, our results suggest that the mechanism at the basis of the observed phenomenon is quite general and does not rely on the existence of a true pairing potential, but rather the presence of superconducting correlations is enough for the effect to occur. On the technological side, our findings widen the family of materials available for the implementation of all-metallic field-effect transistors to synthetic proximity-induced superconductors. arXiv:1903.03435v2 [cond-mat.mes-hall] 
Superconducting electronics, i.e. based on electronic circuits made of superconducting materials, is nowadays a well-established industrial platform to implement fast and energy efficient information architectures. It offers quantum and classical computation devices [1] [2] [3] [4] [5] [6] [7] and quantum tools whose field of application includes current limiters, electronic filters, routers for communication networks, analogueto-digital converters operating at GHz frequencies, 8, 9 magnetometers, digital receivers and photon detectors. These devices have no competitors in the semiconductor world in terms of signal-to-noise ratio, energy efficiency, speed and frequency of operation. Also, superconducting wires can carry sub-nanosecond current pulses without distortions and with low crosstalk for distances easily overcoming the millimeter. 10 The conventional knobs to operate superconducting devices are provided by the Josephson effect and the quantization of the magnetic flux: information is usually stored through the presence or absence of a single flux quantum (SFQ) in a superconducting loop accounting for logical state 1 or 0. Such states, on the one hand, can be written by means of magnetic fields applied through external magnets or on-chip coils. On the other hand a Josephson junction (JJ), i.e. a weak link between two superconductors, can be used as non linear circuital element to be switched from the superconducting to the resistive state by increasing the circulating current above its critical current I s , that is the max- imum dissipationless current sustained by the JJ. The transition to the resistive state yields a change in the magnetic flux threading a superconducting loop and therefore allows to perform a digital logic operation. A possible interface circuitry between superconducting and complementary metal-oxidesemiconductor (CMOS) electronics is provided nowadays by non-Josephson superconducting devices like, e.g., the n-Trons: 11, 12 three terminal circuits consisting of a superconducting strip in which superconductivity can be quenched by an extra-current-pulse injected by a third galvanically-connected terminal. Differently from JJs, n-Trons can be conveniently designed to exhibit the desired impedance and output voltage signal in the normal state. 12 On this background, a separate discussion must be reserved to conventional electricfield-effect based superconducting electronics: almost every device owning to this class, essentially, relies on charge-carrier concentration control through the application of a gate voltage V g to a superconductingproximitized semiconductor [13] [14] [15] [16] or to a highcritical-temperature 17 superconducting conduction channel. This results in a modulation of the superconducting critical temperature T c , 17,18 of the normal-state resistance R N and of I s . [19] [20] [21] [22] [23] [24] [25] Low charge-density is a strict requirement for these effects to occur, in order to prevent electrostatic screening to cancel the field at wire surface with no significant effects on its conduction properties.
Surprisingly, although Bardeen-Cooper-Schrieffer (BCS) and Fermi-liquid theories 26, 27 forbid field-effect to be functional on superconducting metals due to their high surface charge density, it was recently demonstrated that the electric field couples with the Cooper condensate in BCS all-metallic transistors allowing, on the one hand, a control (down to its full suppression) of the supercurrent [28] [29] [30] and, on the other hand, affecting the superconducting phase-drop across a gated Josephson junction (JJ). 31 Moreover, under the action of the electrostatic field, all-metallic supercurrent transistors exhibit a behavior which cannot be assimilated to conventional field-effect super-conducting devices as the device charge density and normal-state resistance remains totally unchanged. On the technological side, these discoveries promise the realization of all-metallic field-effect superconducting devices such as, e.g., metallic gatemons [4] [5] [6] or the so-called EF-Trons, i.e., field-effect n-Trons, 30 that could take advantage, differently from the high-T c superconductors or their semiconducting counterparts, of a monolithic structure requiring a simple single-step fabrication process based on abundant and easy-to-manage materials like aluminum or titanium. On the fundamental physics side, this phenomenology, which still does not have a microscopic description, indicate an obscure zone in our understanding of the nature of the BCS state, and demand for a profound theoretical and experimental re-investigation of superconductivity. Among the many open questions, here we try to experimentally tackle the main point whether the field effect requires, to be effective on supercurrent, a genuine superconducting material or if, instead, the effect manifests itself also in proximitized metallic superconductor 32-37 s: we report on the demonstration of mesoscopic superconductornormal metal-superconductor field-effect controlled Josephson transistors (SNS-FETs). We show their full characterization from T c down to 50 mK in the presence of both electric and magnetic fields. Our results show the ability of an externally-applied static electric field to largely tune I s in a proximity-induced superconductor similarly to what previously observed in genuine superconductors, 28-30 therefore, strongly suggesting that the mechanism at the basis of the observed phenomenon does not rely on the presence of a true pairing potential but that, instead, the existence of superconducting correlations seems to be enough for the effect to occur. These experimental findings expand the family of metals available for the realization of metallic superconducting field-effect transistors, and are of great relevance with regards to the physics of Josephson coupling in SNS proximity junctions, which is one of the most robust manifestation of coherence in mesoscopic devices. Fig. 1a , while a tilted false color scanning electron-microscope image of a B-type device is shown in Fig. 1b . Figure 1c shows the current-voltage [I(V )] characteristics of a representative A-type SNS-FET at several temperatures from 50 mK up to 950 mK. The curves are horizontally offset for clarity. For temperatures smaller than 750 mK, the I(V )s exhibit the Josephson effect with a switching current I s of 5.8 µA at 50 mK and a normal-state resistance R N 4.4 Ω. Stemming from electron heating in the N region once the junction switches to the normal state, 33, 34, [36] [37] [38] a clear thermal hysterical behavior is present when the I(V ) is collected forward and backward with a retrapping current I r 1.86 µA. A plot of I s and I r versus bath temperature T is shown in Fig. 1d . As usually observed in SNS JJs, 33, 36 the difference between I s and I r decreases as T is increased and vanishes at T 350 mK.
Results and Discussion
The Thouless energy (E T h ) of the weak link, which is the characteristic energy scale for electrons diffusing through a finite-sized conductor and in proximity-induced superconductivity, was determined from I s (T ) by a least-square minimization fitting procedure with the following relation which holds for k B T 5E T h : 33,34,39
(1) with ω n (T ) = (2n + 1)πk B T and Ω n (T ) = ∆ 2 (T ) + ω 2 n (T ). ∆ is the BCS aluminum pairing potential, while γ is a factor defined as α64π k B T /qR N where k B , q and α are the Boltzmann constant, the electron charge and a suppression coefficient accounting for non ideal transmissivity through the S-N interface, respectively. The fit yielded E T h =6.6µeV and α=0.63. Goodness of the fit was evaluated computing the coefficient of determination
.9994, where y i and f i are respectively data and fitted points andȳ is the mean of data points. The resulting fit curve is superimposed on top of the experimental data in Fig. 1d (dashed line). Our weak links operate in the diffusive regime and within the long-junction limit, holding for E T h ∆ 180µ eV and posses an effective length L ef f = D/E T h ∼900 nm, which is deduced through the diffusion coefficient of Cu D=1/(ρ q 2 v F ) 0.008 m 2 /s where v F =1.56×10 47 J −1 m −3 is the density of states at the Fermi energy and ρ the resistivity of the Cu wire.
A direct way to prove the ability of the electrostatic field to tune the Josephson coupling of the SNS-FET is the acquisition of I(V ) curves for several values of gate voltage V g and different bath temperatures. Figure 2a shows the current-voltage [I(V )] characteristics of a representative A-type SNS-FET collected at 100 mK for several V g values ranging from -80 V to 80 V. The curves are horizontally offset for clarity. For |V g | 40 V a clear suppression of the switching current I s was observed, while the normal-state resistance R N and I r were completely unaffected by the gate voltage. When I s (V g ) became lower than I r the hysteretic behaviour was not present anymore ( Fig. 2a) .
Considering that the superconducting-like properties of the Cu wire were inherited from the Al banks, a preliminary 3-dimensional finite element method (FEM) calculation of the intensity of the electric displacement vector D was performed by solving the equation ∇ D = σ, describing the Gausss law in the differential form, for the geometry of an A-type SNS-FET (σ is the charge density), in order to asses that the predominant effect on I s originated from a direct action of the electric field on the N wire. In our calculation the gate electrode and the S and N sections of the device were approximated as ideal conductor boundaries with the constrain of V = V g = 1V on the gate surfaces and V = 0 on the JJ surfaces. Figures 2b and c report the contour plots of | D| calculated respectively in the yz plane located at the center of N wire, and in the xy plane lying 10 nm below the substrate surface (see definition of axes in Fig. 1a ). As expected, due to the higher dielectric constant of the SiO 2 layer, | D| is more intense into the substrate than into vacuum. Notably, | D| decays pretty fast along the weak link, being suppressed by an order of magnitude at the S-N interfaces. This fact allows to safely attribute any reduction of the device switching current to a direct action of the gate on the N-section of the junction and to exclude field-effect-driven weakening of superconductivity in the Al leads The I s values extracted from the I(V ) performed on the A-type SNS-FET are shown in Fig. 2d . At fixed bath temperature, I s (V g ) monotonically decreases without reaching full suppression in the explored voltage range, differently from what previously observed on genuine superconducting Dayem bridge devices. 29, 30 Also, in contrast to high-Tc superconductors and proximitized-semiconductor field effect transistors, I s suppression is almost symmetric with respect of the sign of V g thereby indicating a bipolar behavior in the electric field, and R N is totally unaffected by V g . The bipolarity excludes any charge depletion/accumulation process as main driving mechanism for I s reduction. By increasing the values of the temperature yields a lower value of I s0 = I s (V g = 0) and a larger range of ineffectiveness of the electric field on I s , i.e. the plateau of constant I s widens. This latter behavior resembles the results obtained on Ti and Al superconducting FETs. [28] [29] [30] These findings seem to indicate a direct link between the electric field applied to the Cu wire and the ob-served I s suppression, with apparently no obvious relation with the electric field experienced by the superconducting Al leads. This observation suggests that the presence of superconducting correlation is enough for the manifestation of electrostatic field control of the supercurrent.
For T 400 mK, that is around one third of aluminum critical temperature, field-effect becomes completely ineffective. This behaviour can be better appreciated by looking at the I s (T ) curves measured for several V g values (see Fig. 2e ): while for T 350 mK all the curves are overlapped, at lower temperature I s significantly deviates from the unperturbed case (i.e., V g = 0) showing an I s plateau which widens when V g is increased. Although no microscopic model exists for field-effect controlled SNS devices, our measurements seem to suggest that, as the Cu wire is pushed toward its normal state -by either increased bath temperature or through the application of the electric field-it partially recovers a metallic behaviour where no field-effect can be observed. This is consistent with the hypothesis of dissipative puddles arising in the weak-link as a consequence of the externally applied electric field. 30 The above consideration founds a qualitative confirmation in the comparison of the I s (V g ) characteristics of SNS-FETs with different lengths. Figure 3 reports the comparison of the normalized critical current I s (V g )/I s0 for representative A-type, B-type and C-type devices. On one side, the plateau of I s turns out to decrease as L increases. In addition, in the shown C-type device, a very clear saturation region for high V g values was observed. We emphasize that this feature is strictly peculiar of SNS junctions and has no counterparts in genuine superconducting Dayem bridges in which full suppression of I s was observed. [28] [29] [30] These results suggest that, in weaker proximitysuperconductors, the impact of the electric field is initially more relevant, but as the system approaches the resistive state a threshold is reached above which no further reduction of I s can be observed. This facts points toward the existence of a non-trivial relation between the length of the junction and its resilience to the electric field or, in other words, between the junction Thouless energy and the ability of the field effect to affect the supercurrent. Yet, the presence of a saturated I s at high V g seems to exclude the possibility that I s suppression stems from a direct hot-electron injection into the weak link due to a leakage current between the gate electrode and the JJ. [40] [41] [42] The interplay between electric and magnetic fields B on I s in SNS-FETs was investigated by acquiring I s in the presence of a constant magnetic field applied along z-axis (see Fig. 4a ). In contrast to measurements at different temperatures, no clear widening of I s plateau was observed, but rather a slight non-monotonic narrowing is present. This feature is strictly peculiar of SNS-FET, since it was not reported in genuine superconductor metallic FETs. [28] [29] [30] For B ≥ 8 mT, a clear saturation of I s at high gate voltage was observed in the SNS-FET. I s (B) measurements at constant V g are shown in Fig.  4b : similarly to the analogous thermal characterization, for B 15 mT the curves at different gate voltages overlaps. These observations confirm a damping of the electrostatic effect on the weak link as it approaches the normal state.
We finally comment on the SNS-FET performance in terms of the gate-JJ impedance, the transconductance and the Josephson inductance. To exclude the presence of a direct hotelectron injection into the weak link, the leakage current I L between the gate and the drain electrode was measured. I L was found to be always at most of the order of few tens of pA (see Fig. 5d ), with a typical measured gate-JJ impedance in our setup of a few TΩ, also compatible with a slow charging-discharging of low-pass filters and parasitic capacitance in the measurement setup. The plot of the transconductance g(V g ) = dI s /dV g acquired for an Atype device is reported for several temperatures in Fig. 5a , and provides the conventional figure of merit relevant for technological applications. Due to the bipolar behavior of our SNS-FETs, the transconductance is an odd function of V g . In addition, g has a strong temperature dependence which reflects in the evolution of the absolute value of its maximum g M AX versus T , as shown in Fig. 5b . In stark contrast with the genuine superconduct- ing case, 29, 30 g M AX has no constant range in temperature, and monotonically decreases vanishing at 400 mK. The gate-dependent suppression of I s results into an increase of the Josephson inductance, L J = /(2qI s ) (see Fig. 5c ). Typical L J excursion ranges from a few tens to a few hundreds of pH. We wish to stress that, although the performances of the SNS-FETs here reported are almost one order of magnitude worse than those obtained on Dayem bridge field-effect devices, such figures of merit could be improved up to a large extent by improving the design of the device by merely decreasing the distance between the gate electrode and the weak-link and by exploring the effect of the deposition and encapsulation of the transistor in high-dielectric-constant insulators such as, e. g., SrTiO 3 . 43 We would like also to highlight that, by the same engineering activity, it will be possible to match the gate impedance in order to allow for high-speed commutation of the our transistor, whose frequency of oper-ation is expected to be limited essentially by the parasitic capacitance of the gate electrode and by the typical time-scale of the superconducting to normal-state transition. Finally, we wish to point out that the operation temperature of our SNS-FETs can be easily raised from the sub-Kelvin temperatures up to a few Kelvin by choosing the material of the S leads among higher-Tc superconductors such as e. g. vanadium, niobium, lead, or niobium nitride. These considerations let us to foresee a potential applicability of our mesoscopic SNS-FETs for the realization of all-metallic EF-Trons.
Conclusions
In summary, we have demonstrated all-metallic mesoscopic SNS Josephson field-effect transistors. Our results show the ability of the electrostatic field to tune the Josephson coupling even in the presence of a metallic proximitized superconductor, thereby suggesting that no true pairing potential is needed for the effect to occur. In contrast to the Dayem bridge geometry so far explored, SNS JJs seem not to allow a gate-driven full suppression of the supercurrent. This fact, which is still lacking a theoretical interpretation, seems to indicate a role of the normal-metal nature of the weak link in determining the resilience of the Josephson coupling to the electric field. From the technological point of view, our findings potentially increase the number of metals suitable for the realization of Josephson transistors, they offer the possibility to exploit the dependence of I s suppression on the Thouless energy as a further knob to tune the response of the device to the electric field, and let to envisage performances already on par with high-Tc and proximitizedsemiconductor-based superconducting transistors.
Experimental Methods
Our SNS-FETs consist of Al/Cu/Al planar gated junctions fabricated by a single step electron beam lithography of a suspended resist mask [a double layer consisting of methyl methacrylate (MMA) and Poly methyl methacrylate (PMMA)] and angle resolved evaporation of metals 44 onto an oxidized silicon wafer (the SiO2 is 300 nm thick) in an ultra high vacuum electron-beam evaporator with base pressure of about 10 −11 torr. The 200-nm-wide normal metal wire, consisting of 5-nm-thick Ti adhesion layer (evaporated at a rate 1.2 /s) and 30-nm-thick Cu film (evaporated at 1.5 /s), was evaporated without tilting the sample. The 100-nm-thick superconducting Al banks were evaporated by tilting the substrate at 30 • . The 180-nm-wide gate electrode was separated by a distance of about 100 nm from the normal-metal Cu wire, with which it shared the material composition, since it was deposited in the same evaporation step. The electrical characterization of our mesoscopic transistors was performed by four-wire technique in a filtered 3 He-4 He dilution fridge by setting a low-noise current bias and measuring the voltage drop across the weak links with a room temperature pre-amplifier.
